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The size or alkyl chain length of cationic surfactants can be used to tailor both the pore morphology and the
functionality or oxidation state of cobalt in silica materials. This work shows for the ﬁrst time that these two
mechanisms are interconnected. Cobalt oxide silica materials, with the same cobalt loading (Co : Si¼ 1 : 4),
were prepared using an acid catalysed sol–gel method where the cobalt/surfactant ratio was systematically
varied. The alkyl chain length of the cationic surfactant was also varied from 2 to 12 by using tetraethyl
(C2-AB) ammonium bromide, and triethyl hexyl (C6-AB) and dodecyl trimethyl (C12-AB) ammonium
bromides as the templating agents. Initial addition of C2-AB, C6-AB or C12-AB enhanced the oxidation
of cobalt to cobalt (II,III) oxide in the xerogels. However, as more surfactant is added the enhancement
eﬀect is reversed and the cobalt (II,III) oxide content of the sample begins to decline. The point at which
this transition occurs is a function of the alkyl chain length of the surfactant, with a longer chain
indicating an earlier transition. Pore morphology was inﬂuenced in a similar fashion with the longer alkyl
chain C12-AB surfactant undergoing an earlier transition (i.e. at lower concentrations) towards
mesoporosity, than either of the smaller C2-AB and C6-AB surfactants. In both mechanisms it was the
increased propensity of the C12-AB surfactant to aggregate (given its larger size and lower solubility) that
was the controlling factor.Introduction
Cobalt oxide containing silica has become one of the preferred
functional materials for a broad range of applications. Molec-
ular sieves,1–3 catalysts,4 magnetic materials and gas sensors,5,6
for instance, have shown signicant improvements over the last
decades. Likewise, the evolution of pore size tailoring and
structure direction in silica through the templating process has
led to enhanced functionality in both micro and mesoporous
silica.7–9 These complementary techniques have been strength-
ened by the adoption and development of sol–gel methods,
promoting a more controlled and less complex preparation
pathway.6,10 However, the synergetic eﬀect of employing these
two techniques simultaneously in sol–gel based silica has yet to
be explored and not well understood.
The silica sol–gel combined incorporation of cobalt and
organic templates has been mainly reported for mesoporous
materials, preferentially on minor cobalt dosage (<10 wt%) andms and Inorganic Membrane Laboratory,
ld, 4072, Australia. E-mail: s.smart@uq.
ra´ıso, Escuela de Ingenier´ıa Qu´ımica,
tion (ESI) available. See DOI:
hemistry 2014quaternary ammonium surfactants as template agents. Several
studies focused on MCM 41 pore change as a function of the
surfactant alkyl lengths only,11 or the reduction of surface area
by using hexadecyl ammonium bromide (C16-AB) derived MCM
41 and 48 materials under cobalt load,12,13 or template decom-
position eﬀects.14,15 A common feature of all these reports in the
literature is the lack of evaluation of the counter eﬀect of the
template agent on the embedded cobalt in the silica matrix.
Recently, it was unveiled by Olguin and co-workers16 that
there is a signicant interaction between cobalt oxide and
cationic surfactants in silica sol–gel method. By using a short
cationic surfactant hexyl triethyl ammonium bromide (C6-AB),
this group reported for the rst time that the metal oxidation
was substantially modied as a function of the template agent.
For instance, a low surfactant load led to an increase in the
cobalt (II,III) oxide phase formation whilst the opposite eﬀect
occurred with excess surfactant content. Coordination of cobalt
with the surfactant's bromine counter-ion was highly favourably
during the non-aqueous sol–gel process and was identied as
principle mechanism promoting the altered oxidation state of
cobalt aer thermal treatment. However, this novel study was
limited to a single cationic surfactant, and the overall eﬀect of
the length of the alkyl chains in structural formation concom-
itant with the cobalt oxidation state is not known. Thus,
understanding how the cobalt incorporation is aﬀected by
surfactant templating provides a diﬀerent approach to enhanceRSC Adv., 2014, 4, 40181–40187 | 40181
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View Article Onlinethe current knowledge about the synergy of these two func-
tionalization techniques.
Here we show that the length of the alkyl chain has a more
signicant role in both structural and metal oxidation forma-
tion than previously thought. To investigate this combined
functionalization eﬀect, we used a quaternary ammonium
surfactant series based on tetraethyl (C2-AB) ammonium
bromide, and hexyl triethyl (C6-AB) and dodecyl trimethyl (C12-
AB) ammonium bromides as the templating agents. An acid
catalysed sol–gel method is employed where the cobalt/surfac-
tant ratio is systematically varied to determine the synergistic
functionalization eﬀect of these two additives to the silica sol.
Calcined xerogels were fully characterized to determine their
structures in tandem with the resultant cobalt oxidation state. A
mechanistic model is proposed to explain the eﬀect of the alkyl
chain length in the synergistic functionalization of template
cobalt oxide micro and mesoporous silica.
Experimental
Cobalt silica (CoSi) samples were synthesized based on a
previously reportedmethod.17 Firstly, cobalt nitrate hexahydrate
(Co(NO3)2$6H2O) is dissolved in 30 vol% hydrogen peroxide
(H2O2) in order to keep the pH stable around 3.0 and then
diluted in an excess ethanol. Subsequently, the solution is
cooled to 0 C, followed by a slow drop-wise addition of tet-
raethyl orthosilicate (TEOS). The nal molar ratio is
TEOS : H2O : H2O2 : EtOH : Co(NO3)2$6H2O ¼ 4 : 45.5 : 9: 256 : 1.
Lastly, the solution is moderately stirred in an ice-bath at 0 C
for three hours.
The preparation of surfactant cobalt oxide silica samples
follows the same procedure, except for the addition of a cationic
surfactant aer the ice-bath treatment. The solubility of
surfactant species was guaranteed by keeping the concentration
below the critical micelle concentration (CMC) point, taking
into account the surfactant type, solvent nature and counter ion
presence. Samples are identied by the nomenclature CY-CoSi-
X where Y represents the tail alkyl length (2, 6 or 12) and X the
surfactant/cobalt molar ratio, which was varied from 0 to 2.
Aer preparation, all sol–gel solutions were dried in an air
atmosphere using an oven for 96 hours at 60 C. The dried
xerogels were then ground to a ne powder and stored in sealed
containers. Subsequently, each sample was calcined at 600 C in
a furnace under air atmosphere, at a ramp rate of 1 C min1
and a dwell time of 150 min.
Calcined samples were degassed under vacuum at 200 C for
at least four hours and characterized by nitrogen gas adsorption
using a Micromeritics TriStar-3000 instrument. Fourier trans-
form infra-red (FT-IR) attenuated total reectance (ATR) anal-
ysis was performed using a Perkin Elmer Spectrum 400 FT-IR/
FT-FIR Spectrometer, over a range of 4000 to 530 cm1. FT-IR
spectra were normalized using the siloxane (Si–O–Si) peak at
1040 cm1 prior to deconvolution. Surface elemental composi-
tions were obtained on a Kratos Axis ULTRA X-ray Photoelectron
Spectrometer (XPS) using Al Ka X-rays (1486.6 eV) at 150 W (15
kV, 10 mA). High-resolution XPS spectra were charge-corrected
using the C 1s peak at 284.6 eV. UV-visible (200 to 800 nm)40182 | RSC Adv., 2014, 4, 40181–40187diﬀuse reectance UV-Visible (DR-UV-vis) spectra of powdered
samples were obtained on a Varian spectrophotometer equip-
ped with an integrating sphere.
To avoid phase separated solutions and ensure homogenous
integration of the surfactant into the sol–gel process, the
concentration range of the various surfactants was kept such that
their solubility was preserved. This was estimated through eqn
(1), taking into consideration the concentration, solvent nature
and ion presence in the sol.18 The results are listed in Table 1. For
example having ethanol as themain solvent, increases the critical
micelle concentration threshold (CMC) when compared with
aqueous solutions due to its reduced polarity.19–21 By comparison,
the presence of nitrate counter ion tends to reduce the CMC of
ionic surfactants.22,23 The nal sols were homogeneous solutions
for each one of the selected surfactant/cobalt ratios. An exception
to this was a sol prepared with C2-AB at molar ratio X ¼ 2 where
phase separation was detected.
CMCfinal ¼ CMCsol 

1 cir
100

(1)
Results
The nitrogen adsorption isotherms of xerogels made with
diﬀering concentrations of the three distinct surfactants are
depicted in Fig. 1. Total pore volume increases as the concen-
tration of surfactant rises, regardless of which surfactant is
used, which concurs with the increase in Brunauer–Emmett–
Teller (BET) surface area (calculated per gram of sample) as is
shown in Fig. 1d. Both surfactants C2-AB and C6-AB follow
similar isotherm and BET surface area trends until the surfac-
tant cobalt ratio reaches 1. This occurs despite a diﬀerence of 4
carbons in the alkyl tail length and may suggest that the tetra
ethyl head group is the major inuence in tailoring the pore
structure, for smaller sized surfactants. Furthermore, the
isotherm resembles a type I below a concentration of around
1.0, which indicates that both surfactants retain the micropo-
rous character of the silica matrix. A weak transition into type IV
isotherm can be noticed with C6-AB only at high surfactant load
(X ¼ 2) due to the small capillary condensation at partial pres-
sure of above 0.4.
It is interesting to observe the role played by C12-AB in
providing the largest increase in adsorption at lower concen-
trations, which is also observable as a steeper rise in the BET
surface area (Fig. 1d). From Fig. 1c it can be observed that the
type I isotherm is preserved until a concentration of 0.25, while
further surfactant addition shis the matrix into a predomi-
nately mesoporous structure. Despite this transition, the
absence of a prominent hysteresis loop suggests a moderate
shi into a lower mesoporous region, close to the micro–meso
boundary. Fig. 1d displays a slight decrease of BET surface area
at C12-AB concentrations above 0.5 while the adsorption of
nitrogen is almost constant (Fig. 1c). This suggests a likely
increase in pore size rather than an expansion in mesoporous
volume at higher C12-AB surfactant loads.
The pore size distribution of samples based on a Density
Functional Theory (DFT) model is shown in Fig. 2a. StandardThis journal is © The Royal Society of Chemistry 2014
Table 1 Surfactant propertiesa
Name Alkyl tail carbon number Formula CMCwater [mM] CMCsol [mM] Cir [%] CMCnal [mM]
C2-AB 2 (C2H5)4NBr 187 — — —
C6-AB 6 CH3(CH2)5(C2H5)3NBr 1060 >1060 20% >1000
C12-AB 12 CH3(CH2)11(CH3)3NBr 15.5 592 65% 207.2
a Critical micelle concentration of surfactants in aqueous solution (CMCwater) and in a mixture of 80 wt% ethanol and water (CMCsol). Reduction of
CMC due to counter ion presence is also shown (cir) and an estimated CMC nal value (CMCnal) which is calculated through eqn (1).
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View Article Onlinecobalt silica as the reference material results in pore sizes
generally below 2 nm, showing a tri-modal distribution between
1.2 and 2 nm. The tri-modal pore size distribution is in line with
positron annihilation lifetime spectroscopy for pure micropo-
rous silica as reported by Duke and co-workers.24 It can be also
seen that surfactant incorporation induces a reduction in the
amount of small pores. The smallest pore size peak almost
disappears for C12-AB at X ¼ 0.5, though for the smallest
surfactant C2-AB the same eﬀect requires a high surfactant/Fig. 1 Nitrogen adsorption–desorption isotherms for diﬀerent concent
area (m2 per gram of total sample) as a function of surfactant concentrat
0.996).
This journal is © The Royal Society of Chemistry 2014cobalt ratio at X ¼ 1.0. This trend concurs with the tailoring
ability of these surfactants to alter pore size within the silica
matrix. However, the evolving mesopore phase at high surfac-
tant loads does not indicate a uniform tailoring process as one
would expect. This lack of order may relate with a disorganized
micellization process of each surfactant during sol–gel
process.25 As every initial sol was designed to keep the surfac-
tant concentration below the CMC point (Table 1), only the early
stages of aggregation or formation of proto-micelles couldrations of surfactant (a) C2-AB, (b) C6-AB, (c) C12-AB, (d) BET surface
ion for each of the selected surfactants (correlation factor higher than
RSC Adv., 2014, 4, 40181–40187 | 40183
Fig. 2 Pore size distribution based on DFT model for diﬀerent surfactant types and concentrations. (a) dV/d Log(D) graph for C2-AB: solid line,
C6-AB: dashed line, C12-AB: dotted line. Vertical blue line indicates 2 nm limit. (b) Fraction of pore sizes above 2 nm. Error bars depict a 95%
conﬁdence interval.
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View Article Onlinebe expected, and even then only during the later stages of
drying.26
The evolution of material mesoporosity is clearly shown in
Fig. 2b as a function of surfactant load. For instance, the pure
cobalt oxide silica (i.e. no surfactant) produced structures
with less than 6% of pore sizes within the mesoporous
region. Mesoporosity for both C2-AB and C6-AB follow a
similar trend, and evolves gradually to nally become
dominant at X ¼ 1 (mesopore fraction is 66%). By contrast,
C12-AB undergoes a faster transition into the mesopore
region (63% at X ¼ 0.5), indicating a twofold increase inFig. 3 (a) DR-UV-Vis spectra of C2-AB (dashed lines) and C12-AB (so
CoBr4
2 species at 725 nm for diﬀerent surfactant concentrations and
surfactant loading, the high reﬂectance at 725 nm oﬀers a good indicato
40184 | RSC Adv., 2014, 4, 40181–40187mesoporosity fraction as compared C2-AB and C6-AB cobalt
oxide xerogels. These results suggest that the longer hydro-
phobic tail and lower CMC of C12-AB has a large inuence in
mesoporosity formation compared to the other smaller
surfactants. This is possibly attributed to C12-AB promoting
larger aggregate species and consequently a more
pronounced templating eﬀect.27 By the same token, C2-AB
and C6-AB had similar eﬀect in the mesoporosity
formation, thus indicating the alkyl tail length
becomes inuential only if the carbon chain is greater than 6,
i.e. Cn > C6.lid lines) cobalt silica materials. (b) Kubelka–Munk function values of
surfactant types (despite the low likelihood of CoBr4 species at low
r about the abundance of these species).
This journal is © The Royal Society of Chemistry 2014
Fig. 4 Cobalt oxide evolution as function of surfactant concentration for diﬀerent alkyl chain lengths: (a) Left: FTIR intensity ratio between cobalt
oxide and normalized siloxane peaks. (b) Right: %Co as Co3O4 from XPS Co 2p region.
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View Article OnlineA characterization of the cobalt species was conducted
through DR-UV-vis on uncalcined materials, shown in Fig. 3a.
There is a clear evolution of multiple peaks at higher wave-
length as the concentration of either C12-AB or C2-AB increases.
These peaks above 600 nm were also evidenced with C6-AB and
can be connected with the presence of CoBrx
2x species in a
tetrahedral coordination.28 This species are very favourable in
non-aqueous media (which is the case for our sol–gel method)
and its relative abundance is aﬀected by the Br/Co ratio.
However, all the species are present in equilibrium and the
related bands can be easily observed in the UV-Vis spectra.29,30
By contrast, standard CoSi demonstrates characteristic peaks at
460 and 525 nm which is related with an octahedral coordina-
tion between the metal and active silica sites or free water
molecules (Co-(OX)6).31,32 In addition, the evolution of the
characteristic CoBr4
2 reectance bands at 725 nm (ref. 28) is
illustrated at Fig. 3b as a function of surfactant load. These
isolated and clearly observable bands oﬀer a good indicator
about the abundance of Co–Br complexes, despite the low
concentration of the related species at low surfactant loads. It
can be seen that each one of the selected surfactants follows
similar evolution, despite the diﬀerence in alkyl tail length. This
observation suggests a comparable formation of CoBrx
2x
species along the selected surfactant series and can be
explained by the similar bromide proportion (molar basis) in
each surfactant. Furthermore, the strong relationship depicted
in Fig. 3b indicates that the CoBrx
2x species are preferred
coordination structures rather than the traditional octahedron
Co-(OX)6.
The formation of the mixed valence oxide of cobalt (Co3O4)
in calcined xerogels was examined through FTIR and XPS. The
presence of Co3+–O vibration peaks at 660 cm1 can be seen in
almost every single IR spectrum (see ESI Fig. S1†).4 Similarly,
XPS spectra of the Co 2p region provides evidence about this
oxide due to the presence of a low energy peak at 779.9 eV (see
ESI Fig. S2†); however no other cobalt species were observed.33,34
Fig. 4a shows the evolution of FTIR intensity ratio between the
660 cm1 peak and the normalized siloxane peak at 1080 cm1
as function of surfactant load. It can be seen that low surfactantThis journal is © The Royal Society of Chemistry 2014concentration induces an increase in the mixed valence oxide
phase independently of the alkyl length. The cobalt (II,III) oxide
fraction, as calculated by XPS, also demonstrates a similar trend
as is shown in Fig. 4b. In this case, the fraction of Co3O4 is
altered as a result of the incorporation of either C2-AB or C6-AB,
reaching a maximum of 75% of cobalt as a mixed valence oxide
at X ¼ 1. By contrast, C12-AB shows a smaller maximum
which occurs at lower surfactant load (X ¼ 0.25). Finally, there
is suppression of the metal oxide phase with additional
surfactant addition (i.e. X > 0.25 for C12-AB and X > 1 for C2-AB
and C6-AB).Discussion
The presence of CoBrx
2x species within all the as-synthesized
xerogels facilitates the promotion of Co3O4 during heat treat-
ment, bearing in mind that CoBrx
2x species are formed in
equal amounts in each one of the diﬀerent tested materials
regardless of the surfactant used (Fig. 3b). In the case of higher
surfactant loadings, it has been previously shown that there are
additional interactions between CoBrx
2x species and the
increased number of surfactant heads.16 This in turn reduces
the overall amount of Co3O4 formed. Interestingly, in this work
the decrease in Co3O4 occurs at a lower surfactant ratio for the
larger C12-AB when compared with both the smaller surfac-
tants, C2-AB and C6-AB (Fig. 4a and b). These results strongly
suggest the larger C12-AB surfactant inhibits the benecial
eﬀect of the Co–Br complex on oxidation.
It is noteworthy to observe that the decline in cobalt (II,III)
oxide formation is accompanied by an increase in the meso-
porosity for the C12-AB incorporated samples. Indeed, the PSD
analysis showed that mesoporosity becomes dominant above
X ¼ 0.25, corresponding with an abrupt increase in surface area
and pore volume (Fig. 1c and d). The same value (X ¼ 0.25) is
yields the maximum cobalt oxidation as showed by XPS analysis
(Fig. 4b). It was previously thought that the mesoporosity was
connected with surfactant aggregate formation, whilst the
inhibition of cobalt (II,III) oxide formation was connected with
additional interactions between the Co–Br complex and theRSC Adv., 2014, 4, 40181–40187 | 40185
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View Article Onlinesurfactant.16However, it now appears that bothmechanisms are
interconnected.
It is well accepted that aggregation of surfactant within the
silica framework is used to tailor pore sizes.8 As an essential part
of the templating mechanism, the contact area between the
surfactant and silica surface increases as a result of the aggre-
gation of surfactant monomers.25,35 In sol–gel derived cobalt
silica this may promote intimacy between surfactant and
embedded metal species. For instance, the early drop of mixed
valence oxide phase on C12-AB samples can be related with the
longer tail of C12-AB and lower CMC compared with the other
two surfactants (Table 1). In this case C12-AB forms aggregated
species at lower concentrations than C6-AB and C2-AB,
promoting a faster enlargement of contact area and additional
interactions within silica. Therefore, the mesoporous transition
and inhibition of cobalt (II,III) oxide formation is simultaneously
observed at low surfactant concentration for the C12-AB sample.
The understanding of the inhibition of cobalt (II,III) oxide
formation which takes place at high surfactant load can be
further elaborated based on this new information. Fig. 5 depicts
a schematic view of the as-synthesized material and the growing
interactions between embedded species as the surfactant load
is increased. At low surfactant addition, monomers and cobalt
species (Co–Br and other complexes) may take independent
contact sites, irrespective of the surfactant alkyl length (Top leFig. 5 Inhibition of cobalt oxidation. The LEFT sequence represents a
small surfactant (C2-AB and C6-AB). The RIGHT sequence represents
C12-AB. (Top) At low surfactant load, surfactant monomers take place
at independent contact points on the silica surface. (Middle) At
moderate surfactant load (0 < X < 1) local aggregation starts only in
C12-AB samples (green area) due to stronger hydrophobic forces,
hence additional interactions with Co–Br complex emerge. (Bottom)
At high surfactant loads (X > 1) aggregated species emerge regardless
of alkyl length due to surface saturation, promoting additional inter-
actions with Co–Br complexes whereby oxidation is inhibited.
40186 | RSC Adv., 2014, 4, 40181–40187and right of Fig. 5). Therefore, Co–Br complexes freely
contribute to improving the amount of metal that undergoes
oxidation as reported in the previous oxidation model.16 Further
addition (0 < X < 1) of the smallest surfactants (C2-AB and
C6-AB) has only minor impacts as the contact sites are lled
(Middle le of Fig. 5). By contrast, local aggregation of mono-
mers may start in the case of C12-AB (Middle right of Fig. 5) due
to the stronger hydrophobic forces between free monomers and
those already on the surface.25 Lastly, an excess load of surfac-
tant of any kind (X > 1) promotes surfactant aggregation
(Bottom of Fig. 5) due to surface saturation. These aggregated
species facilitate additional interaction between surfactant
heads and the nearby Co–Br complexes due to the expansion of
the interfacial surface (red dotted line). As reported, these
interactions shi the alkyl removal process throughout the
thermal treatment into higher temperatures (above 450 C).16
Further oxidation of the engaged cobalt is unlikely to form
Co3O4 due to the unfavourable thermodynamic conditions.
Indeed, the equilibrium conversion of CoBr2 toward Co3O4 is
strongly inhibited at temperatures above 300 C,36 thereby
diminishing the mixed valence oxide phase formation.
Conclusion
This work shows for the rst time that the length of the alkyl
chain in cationic surfactants inuences both the pore
morphology and the metal oxidation state in cobalt oxide silica
materials. Importantly, these two mechanisms are apparently
interconnected. Addition of C2-AB, C6-AB or C12-AB formed
that CoBrx
2x species in equal amounts regardless of the
surfactant used and at low concentrations all surfactants
promoted Co3O4 formation during thermal treatment of the
xerogels. However, as more surfactant is added the enhance-
ment eﬀect is reversed and the cobalt (II,III) oxide content of the
sample begins to decline due to increased interactions between
the CoBrx
2x species, the surfactant head groups and the silica
surface. The point at which this transition occurs is a function
of the alkyl chain length of the surfactant, with a longer chain
indicating an earlier transition. The pore size of the silica
structure was also inuenced by surfactant addition with
increasing surfactant loadings promoting mesoporosity. The
longer alkyl chain C12-AB surfactant transitioned to a meso-
porous pore structure at a lower concentration than either of the
smaller C2-AB and C6-AB surfactants. Both the transition to
mesoporosity and the peak in cobalt (II,III) oxide content occur at
the same surfactant loading strongly suggesting the mecha-
nisms are interrelated. The earlier transition seen in the C12-AB
surfactant samples was attributed to the increased propensity of
C12-AB to aggregate, given its relatively larger size and lower
solubility.
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